Abstract. In this paper we present the motivations and the status of the development of a low-energy X-ray detection system based on a silicon strip detector and an integrated multichannel readout. The system is optimized for the detection of X-rays in the 6 to 30 keV energy range at a rate up a few hundred of kilohertz per detection unit. These parameters are adequate for many crystallographic and some medical imaging applications, and the system allows simple, room-temperature operation.
INTRODUCTION
Silicon detectors have been used in almost all High-Energy and Nuclear Physics experiments built in the last fifteen years, from large collider experiments to fixedtarget ones, and including specialized detectors like spectrometers for space. This success has expanded along with the progress of the technology of micro-electronics and interconnections, which has had at the same time a direct effect on the quality of the fabrication technology of the detectors and a major impact on the possibility of reading out more and more complex system in a faster and more effective way.
Some of the characteristics which are at the basis of the success of silicon detectors, making them excellent devices for both energy and position measurements, are the following: • Small amount of material (0.003 XQ for 300 urn)
• Excellent mechanical properties
• Linearity of the response vs. the deposited energy
• Good resolution in the deposited energy (3.6 eV are needed to create a pair of charges, vs. 30 eV in a gas detector)
• Tolerance to high radiation doses
• Flexibility of design
• Room temperature operation
In addition, the simple fact that an enormous amount of experience has been gathered in the Nuclear Physics community in the design, assembly and operation of silicon detectors in the most diversified conditions makes them a natural choice when not strongly disfavored compared to other ones. Almost any large Nuclear Physics lab has now the know-how and the instrumentation necessary for the construction of silicon detector systems and their readout electronics. Moreover, the wide use of such detectors makes prototyping easy and of modest cost.
As an example of the freedom one has to design the shape of the electrodes, and therefore the segmentation of the detector, in Fig. 1 is shown one of the detectors of the Multiplicity Detector of the NA50 experiment at CERN [1] . The strips, each a 20° section of a circle, have a pitch which grows from the 90 /^m of the innermost to the 1.2 mm of the outermost, with a change in area of two orders of magnitude! This extraordinary flexibility of design is one of the major reasons of success for silicon detectors, and has allowed innumerable variations.
At present, very large systems of silicon detectors, using tens of square meters of detector surface, are under construction for use in the experiments at the future Large Hadron Collider (LHC). This development has provided cheaper detectors and assembly techniques, which make silicon detector systems an affordable alternative to other technologies whenever applicable.
In the last decade considerable efforts has been devoted to the possibility of using planar silicon detectors for low energy X-ray detection in material science and medical applications [2] [3] [4] [5] . In particular, finely segmented detectors bumpbonded to the readout electronics (pixel detectors) are very attractive because they offer the possibility of two-dimensional imaging [2, 3] . At the moment, though, the active area of such devices is still limited by cost. In many applications a system with silicon strip detectors [4] offering one dimensional spatial resolution is sufficient, and can be constructed in a simpler and more affordable way.
The drawbacks in using silicon detectors for the detection of low energy x-rays are well known. As shown in fig. 2 for the practical thickness of a planar silicon detector, i.e. from 300 /^m to 1 mm, the efficiency drops rapidly for energies above about 10 keV. Moreover for X-rays over about 20 KeV, Compton scattering starts to play an important role, spoiling the spatial resolution [6] . Since segmentability is one of the main advantages of planar silicon detectors, the loss of spatial resolution is a major drawback, which limits the interest of them as detectors for higher energy x-rays even in applications in which high efficiency would not be required. Therefore, the window of energies of interest is rather limited, from few keV to little over 20 keV. The lower limit is dictated by the noise in the detection sys- tern, and one of the purposes of the present work is to demonstrate that a simple multichannel system operating at room temperature and reasonably high rate can indeed be built for x-ray energies down to the ones of interest for crystallography, i.e. 5 to 8 keV.
SYSTEM DESIGN

Readout electronics
For our front-end electronics we have chosen a binary architecture in which only 1-bit information (hit/no hit) is provided in response to the photon absorbed in the silicon strip detector. The readout system consists of two ASICs: the RX32N front-end chip and the COUNT32 counter chip comprising 32 20-bit asynchronous counters and the readout logic. Therefore the system is essentially a fully self contained one, which can be directly interfaced to a PC with minimal overhead.
The RX32N chip has 32 channels of front-end electronics to amplify, shape and discriminate the signals from the silicon strip detectors. The chip was designed and manufactured in the AMS 0.8 (Jim CMOS process. A photograph of the chip mounted on the test board is shown in fig. 3 : the bottom rows of pads are the inputs, the top ones the outputs and the side ones the power supplies, control lines and calibration inputs.
Each channel is 80 fj,m wide, and the chip size is 3.5 mm x 1.8 mm. Each channel of the front-end chip consists of three basic blocks: preamplifier, shaper and discriminator as shown in fig. 4 . A shaping time constant in the range of about 500 ns has been chosen as a reasonable compromise between noise and speed performance. The chip can work with DC coupled detectors which require that the preamplifier can sink detector current in the range from a few pA up to several nA through the MOS transistor in the feedback loop. The resistance Rf e d of this transistor is controlled by an external reference current. The relatively short shaping time allows the chip to be used for the readout of detector elements with leakage current up to few nA without significant degradation of the signal-to-noise ratio. The size of the input transistor was optimised for a detector capacitance of about 2 -5 pF per strip, assuming applications with rather short strips in the range 1 -2 cm. The preamplifier is followed by a shaper circuit providing noise filtering and semi-Gaussian pulse shaping with a tunable rise time. The front-end channel is completed by a continuous time discriminator. Aiming at a system of simple operation a common threshold is applied to all channels in the chip, therefore special attention was paid to matching problems in the discriminator design in order to minimise the channel-to-channel offset spread. More details on the chip design can be found in [7] . 
Detectors
We have tested our system with several silicon detectors, to examine different aspects of its operation. In particular, we report here on data taken with a pad detector and a micro-strip detector, both 300 ^m thick. This has allowed us to evaluate the effect of charge division between neighbouring strips, which affects the distribution of the charge collected on individual strips. Because of charge sharing, in a fraction of the events close to the edge of a detection element (pad or strip), the charge collected on an individual strip will be lower than that deposited by the photon, resulting in a smearing of the energy distribution, i.e. in a worse energy resolution. The pad detector was an array of 5 diodes with area 1 x Imm 2 . The leakage current per diode was 40 pA, and the total capacitance of a fullydepleted diode was about 0.6 pF. For low energy X-ray photons incomplete charge collection takes place only in a region about 10/xra wide around the edge of the pad. Given the pad area of Imm 2 we can assume the edge effects to be negligible for the measured signal distributions. The width of the strips was 25//m, and the pitch 50 pm. Therefore, in this case, we can expect charge sharing to affect a large fraction of the events, namely about 20%. The leakage current per strip was lOOpA, and the total capacitance at the operating voltage was 4pF per strip, including the capacitance to the backplane and the interstrip capacitances to the neighbouring strips. TEST RESULTS
Performance of the front-end
Given the binary architecture implemented in the RX32N chip the analogue parameters, like gain and noise, are obtained by scanning the threshold of the discriminator for a given charge injected to the input of the preamplifier. For each value of the threshold, a series of voltage steps of a given amplitude is sent to the input via a test capacitor which is integrated on the chip at the input of each channel. The exact value of this capacitor depends on the processing parameters and therefore, to obtain an absolute scale for the energy response of our detection system, we performed a calibration using several low energy X-ray sources from the range (8-2QkeV).
In the RX32N chip we can tune the shaping time constant, which offers a possibility to optimise the signal-to-noise ratio for a given capacitance and a given detector leakage current, or to tune the circuit for maximum counting rate at the expense of some degradation of the signal-to-noise ratio. We have tested the linearity of the energy response for three different values of the rise time (at the shaper output). The result is shown in figure 5 : the circuit is linear up to 8000 electrons of input signal, which corresponds to an energy range of X-rays up to 3QkeV. The equivalent noise charge (ENC) of the circuit has been evaluated, as described in [7] , by measuring the counting rate as a function of the input charge at a fixed threshold of the discriminator for a given rate of test pulses. In this way we measure directly the error function of the noise at the shaper output. For a rise time of 460 ns, we measured gain of 77 el^ron and an equivalent input noise of 93 electrons rms for the chip connected to the pad detector and of 166 electrons rms for the chip connected to the strip detectors. Since a common threshold is applied for all 32 channels one of the most critical issues for the RX32N chip is the spread of gain and comparator offsets. Our goal was to keep this spread negligible compared to the noise level. The gain and offsets spreads were measured with the strip detector using Cu -SkeV, Rb -13.4feeV and Mo -!7AkeV X-ray sources. The distribution of the spread of the line peak position for the 32 channels is in the same range for all measured X-ray lines as one can expect if the factor limiting the threshold spread is the spread of the discriminator offsets and not the spread of the amplifier gains. Fig. 6 shows the distributions of the peak position for 32 readout channels. Taking into account the gain of the circuit one obtains an equivalent input spread of <jch -56 el rms ch which is almost a factor of 2 smaller than the noise.
Another parameter which is important for many practical applications is the maximum counting rate. Given the fully parallel architecture of our readout system, including the counters which serve as the buffer memory, the counting rate considered for the total area of a detector depends on the detector segmentation. The counting rate limit for a single readout channel is limited by the discharge time of the feedback capacitance and by pile-up of pulses in the shaper, also its limit is not sharp and depends on the signal amplitudes. For periodic signals of amplitude corresponding to 8 keV photons absorbed in silicon, the RX32N chip operates satisfactorily up to 200 kHz per channel.
X-ray measurements with pad and strip detectors
The system was tested measuring various X-ray spectra. As X-ray source we used a Pu -238 radioactive source, which generates three distinct lines of X-ray lines at 13.6 keV, 17.2 keV and 20.4 keV of comparable intensity. In addition we could obtain a fluorescent X-ray line of lower energy by inserting a copper or iron foil between the source and the detector. The source spectrum was also measured using a standard high resolution spectrometer with 3 mm thick Si (Li) detector cooled to liquid nitrogen temperature. This spectrum is shown in Fig. 7 . The full width at half maximum (FWHM) for UL@I is 150 eV, which correspond to a a of 18 el.
With the RX32N chip we can measure only the integral spectrum by scanning the discriminator threshold. The result of the differentiation of such a spectrum is the amplitude distribution. The results obtained with our chip connected to the pad detector described above, and working at room temperature, is shown in Fig. 8 . Comparing the spectra shown in figures 7 and 8 one can see that the noise performance of our system is significantly worse which is, however, not surprising given the fact the spectrum in Fig. 7 was measured with a detector and electronics of a completely different class. In addition the readout of the Si(Li) detector used a very long shaping time constant of 10/^s. Yet, it is clear that the resolution is sufficient to identify the X-rays coming from the source with negligible background even for the 6.4 KeV line of Fe.
The sigma of noise obtained from the UL^\ line from Fig. 8 is a = 130, which is somewhat higher compared to the value obtained with the generator. The difference indicates that the scattering and edge effects are not completely negligible in the case of 1 x 1mm 2 area. Due to the different thickness of the Si(Li) and our detector, the detection efficiencies are also different. As can be judged from fig. 2 , the effect is more relevant for higher energies and the relative intensities of the peaks of various energies are different for the two detectors, even though we keep the measurement geometry identical in both cases. Therefore, the edge of the Pu -238 appears reduced relative to the iron peak one.
In Fig. 9 the spectrum measured at room temperature with the strip detector for a single channel and the summed spectra from 32 strips measured simultaneously with the RX32N chip using a common threshold for all channels are shown. The strip detectors had a larger capacitance and a larger leakage current per element, resulting in a noise level almost double of what was measured with the pad detector, which in turn causes a widening of the peaks. In addition, even for well separated peaks like Fe and U, the peak-to-valiey ratio is now smaller than in the case of the pad detector. This is due to the effect of charge division between neighbouring strips, which takes place for a significant fraction of the events. For each X-ray peak, the spectrum of charge collected on a single strip has a continuous tail extended towards low energies down to zero due to events for which only a fraction of the charge generated in the silicon bulk is collected on the given strip. The effect does not degrade significantly the widths of the peaks since they contain mostly the events for which total charge is collected on a single strip but we do observe a significant background which reduces the peak-to-valley ratios. The effect, although significant, still allows proper operation since one can easily discriminate the Fe energy line of 6.4 keV. The summed spectrum is not appreciably degraded compared to the single strip spectrum, which confirms that the spread of the discriminator offsets is negligible compared to the noise, and thus the multichannel system does indeed maintain the performance figure of the individual channel.
Based on the results of the tests presented here, we have now assembled a new test setup using a detector specifically designed by IRST, Trento, consisting of 132 1 cm long strips. The strips have a width of 72 /^m, a pitch of 100 \mi and a leakage current below 60 pA each. A detail of the new detector, which we will use from now on to test our system, is shown in fig. 10 .
CONCLUSIONS
We demonstrated the performance of a simple multichannel system for one dimensional imaging for low energy X-ray applications at room temperature. The uniformity and the noise performance of the system are satisfactory, and it can operate at a counting rate of up to 200 KHz. The system includes a digital counter for each channel, with a simple readout protocol. The limitation due to charge division in silicon strip detectors is not negligible when the amount of generated charge in the detector is small, yet it still allows effective operation of the system, and suggest 100 /^ra as a practical value for the strip pitch to be used.
